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1.0 INTRODUCTION 

P iezoe lec t r i c  quar tz ,  f l a t  p l a t e  c r y s t a l s  have been used as 

microbalances f o r  the measurement o f  mass f l u x  i n  f r e e  molecule f low 

s ince Sauerbrey's' i n i t i a l  work i n  1959 def ined the nature o f  the 

c r y s t a l ' s  frequency response t o  mass add i t i on .  

o f  microbalance has come t o  be known, serves as the  workhorse t h i c k -  

ness monitor f o r  t h i n  f i l m  depos i t ion  processes as w e l l  as a t o o l  f o r  

outgassing s tud ies  and, d i a g n o s t i c a l l y ,  f o r  molecular f l u x  contaminant 

source i d e n t i f i c a t i o n  on spacecraft. 

The QCM, as t h i s  type 

I n  many app l i ca t i ons  o f  the QCM t o  date, q u a l i t a t i v e  measurements 

have been s u f f i c i e n t .  However, i n  more a n a l y t i c a l  work such as tha t  

o f  Hughes, A l l en ,  L i n f o r d  and Bonham2 o r  G l a ~ s f o r d ~ ' ~  or  L i u  and 

Glassford5, an accurate determinat ion of molecular f l u x  i s  essen t ia l  

f o r  con f i rmat ion  o f  t h e o r e t i c a l  models. 

Sauerbrey, G., "Verwendung von Schwingquartten zur  Wagung 
dunner Schicten und vur  Mikro Wagung", Z e i t ,  f u r  Phvsik, 
Vol . 155: 206-222 (1959). 

T.E., Investisation of Contamination E f fec ts  on Thermal 
Contro l  Mater i a 1 s , AFML-TR-74-218 (1  975) F i na 1 Tec hn i ca 1 
Report, Contract  F33615-73-C-5091, McDonnell Douglas Corp. 

Hughes, T.A., A l l en ,  T.H., L in fo rd ,  R.M.F., and Bonham, 

3 G  

4 G  

assford,  A.P.M., An ana lys i s  o f  the accuracy of a commercial 
quar tz  c r y s t a l  microbalance. A I M  Paper No. 76-438, pre-  
sented a t  A l A A  11th Thermophysics conference, San Diego, 
C a l i f .  (1976). 

assford,  A. P.M., The response o f  a quar tz  c r y s t a l  micro- 
balance t o  a 1 i qu id  deposi t .  Paper presented a t  the Space 
Simulat ion Conference, Los Angeles, C a l i f o r n i a  (1977). 

L iu ,  C.K., and Glassford,  A.P.M., K i n e t i c s  data f o r  d i f f u s i o n  
o f  outgas species from RTV 560. Paper presented a t  the 
Space Simulat ion Conference, Los Angeles, C a l i f .  (1977). 
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Th is  paper w i l l  examine t h e  f l o w  equat ions i nvo l ved  i n  QCM 

molecular  mass f l u x  measurement, t h e  e f f e c t  o f  parameters such as 

c r y s t a l  temperature,  QCM ent rance c o n f i g u r a t i o n  and randomness o f  

t h e  f l o w  and d i scuss  t h e  i m p l i c a t i o n s  o f  these equat ions i n  measur ing 

severa l  m a t e r i a l s '  mass f l u x .  

2.0 TECHNICAL D I S C U S S I O N  

2.1 Basic  C r y s t a l  Mass F l u x  

The c r y s t a l ' s  s e n s i t i v i t y  t o  mass d e p o s i t i o n  i s  p r o p o r t i o n a l  t o  

t h e  amp l i t ude  o f  s u r f a c e  d isp lacement  f o r  a c r y s t a l  i n  th i ckness  

shear v i b r a t i o n .  The va lue ,  S ,  ob ta ined  by i n t e g r a t i o n  over the  

a c t i v e  area o f  t he  c r y s t a l  i s  u s u a l l y  used as t h e  c r y s t a l  mass sens i -  

t i v i t y  f a c t o r ,  assuming u n i f o r m  d e p o s i t i o n  on the  c r y s t a l .  W i t h i n  

the  d e p o s i t i o n  range f o r  which frequency s h i f t  i s  l i n e a r l y  r e l a t e d  

t o  mass d e p o s i t i o n ,  i .e.  app rox ima te l y  A f <  0.01 f,, the  mass f l u x  

e q u a t i o n  f o r  a c r y s t a l  exposed on one s i d e  t o  a condensing gas i s  

Where S = c r y s t a l  mass s e n s i t i v i t y ,  g/cm2-Hz 

A = mass f l o w ,  g/s 

A = a rea ,  cm 2 

A f  = f requency change, Hz 

A t  = t ime  i n t e r v a l ,  s 

I f ,  r a t h e r  than incoming f l o w ,  a depos i ted  mass i s  e v a p o r a t i n g  

from t h e  c r y s t a l  i n t o  an  i n f i n i t e  s i n k ,  then,  

= - s  Ai '1 A evap A t  
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I t  i s  important t o  r e a l i z e  t h a t  i n  most s i t u a t i o n s  bo th  types o f  

f l ow  a re  occu r r i ng  and the c r y s t a l  frequency change w i t h  t ime r e l a t e s  

t o  both the incoming f l ow  and the c r y s t a l  temperature dependent 

evaporat ing f l o w  as, 

2.2 Crys ta l  Entrance Conf igura t ion  

Obviously the determinat ion o f  incoming mass f l u x  us ing  frequency 

change must inc lude a cons idera t ion  o f  the evaporat ing mass f l u x .  The 

mass f l u x  equat ion i s  f u r t h e r  a l t e r e d  by the QCM entrance conf igura-  

t i on .  F igure 1 ,  Case 1, shows a representa t ive  entrance sec t ion  

cons is t i ng  o f  an entrance con ica l  f rustum (S ta t i on  0) and a c y l i n d r i -  

c a l  sec t ion  leading t o  the c r y s t a l  (S ta t ion  X ) .  The probabi 1 i t y  t ha t  

an en te r ing  molecule w i l l  even tua l l y  reach the c r y s t a l  and be captured 

i s  a f u n c t i o n  o f  the nature o f  the en te r ing  f l u x ,  i.e. d i f f u s e  o r  

d i rec ted ,  the entrance c o n f i g u r a t i o n  and the entrance w a l l  temperature 

r e l a t i v e  t o  the c r y s t a l  temperature. I f  the f l ow  i s  d i f f u s e  and the 

w a l l s  a re  warmer than the c r y s t a l  (which i s  assumed t o  have u n i t y  

s t i c k i n g  c o e f f i c i e n t  f o r  the en te r ing  molecules) a conductance f a c t o r ,  

can be determined. The evaporat ing molecules face a s i m i l a r  

f l o w  reduc t ion  i n  leav ing the c r y s t a l  s ince through w a l l  c o l  

some w i l l  r e t u r n  t o  the c r y s t a l ,  be recondensed and recyc led 

through the system. The evaporat ive f l o w  conductance, Kx-O, 

re la ted  through r e c i p r o c i t y  t o  the en te r ing  f l o w  conductance 

i s i o n  

back 

I S  

KO-x. 

The expression f o r  t h i s  d i f f u s e  f l ow  w i t h  warm entrance w a l l s  i s ,  

I f  the entrance wa l l s  a re  a t  the same o r  lower temperature as the 

c r y s t a l ,  F igure 1 Case I I ,  the w a l l s  condense en te r ing  molecules which 

s t r i k e  them and thus the en te r ing  and e x i t i n g  f low conductance i s  

a l t e r e d  from the prev ious warm w a l l  case. 

molecule passing d i r e c t l y  through the f rust rum wi thout  s t r i k i n g  the 

The p r o b a b i l i t y  o f  a 
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w a l l  and the fu r the r  p r o b a b i l i t y  of the molecule reaching the c r y s t a l  

w i thout  c o l l i s i o n ,  must be ca lcu la ted  i.e. Ko-x ld i rec t .  

element i s  added t o  the c r y s t a l  mass f l u x  by the evaporat ion o f  

ma te r ia l  from the w a l l s  which has a p r o b a b i l i t y  o f  s t r i k i n g  the 

c r y s t a l  before e x i t i n g  the system, Kw-xldirect. 

Case I I  i s ,  

An added 

The expression f o r  

o'x(di r e c t  n 

For t h i s  case w i t h  evaporat ion on ly ,  

A f  s -  
A t  

- - AX Kw-x ld i rec t  
A, 

2.3 Nature o f  Flow 

Free molecule f l ow  i s  o f t e n  thought o f  as who l ly  d i f f u s e  i.e. 

Maxwellian, i n  nature w i t h  the f u r t h e r  assumption o f  the ex is tence 

o f  an i s o t r o p i c  pressure, whereas i n  many cases a much a l t e r e d  

v e l o c i t y  d i s t r i b u t i o n  ex i s t s .  Th is  i s  espec ia l l y  t r u e  i n  cryopumped 

chambers, nozzle f lows and spacecraf t  s i t ua t i ons .  The degree o f  

d i r e c t i o n a l i t y  i n  a f l o w  f i e l d  i s  character ized by the speed r a t i o ,  

5 ,  def ined as the r a t i o  of the d i rec ted  v e l o c i t y ,  u,  t o  the gas mean 

thermal v e l o c i t y ,  v,, 

U 

Where T = gas temperature 
(7) 

k = Boltzmann constant 
m = molecule mass 

Several i l l u s t r a t i v e  examples o f  random and d i rec ted  f l o w  a re  given 

i n  F igure  2. Random, d i f f u s e  flow cond i t ions  e x i s t  i n  the enclosure 

shown w i t h  w a l l s  a t  equal temperature. A c r y s t a l  f ac ing  an i n f i n i t e  

outgassing w a l l  sees molecules emanating from the w a l l  according t o  
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t h e  cos ine  law which,  i n  the aggregate,  r e s u l t s  i n  d i f f u s e  f l o w  a t  t h e  I 

c r y s t a l .  

On t h e  o t h e r  hand, t h e  Knudsen c e l l  shown i n  the  f i g u r e  w i t h  

cos ine  d i s t r i b u t i o n  emanation o f  molecules,  r e s u l t s  i n  h i g h l y  d i r e c -  

t i o n a l  f l o w  a t  t h e  c r y s t a l  s i n c e  the  enc losu re  i s  assumed t o  be an 

i n f i n i t e  s ink .  

t h e  s o l i d  a n g l e  i n t e r s e c t i n g  t h e  c r y s t a l  a r r i v e  a t  t h e  c r y s t a l .  There 

i s  no chance o f  c o l l i s i o n s  p roduc ing  randomness. To a l e s s e r  e x t e n t ,  

t h e  same i s  t r u e  o f  nozz le f low.  The nozz le  imparts a mass mot ion,  

u, on the  gas y e t  t o  a degree i t  s t i l l  a c t s  as a gas a t  r e s t  w i t h  

thermal v e l o c i t y ,  vm. The spacec ra f t  moving a t  h i g h  v e l o c i t y ,  u,  

t h rough  the  r a r e f i e d  gas a t  r e s t  w i t h  thermal v e l o c i t y ,  vm, essen- 

t i a l l y  sees molecules w i t h  a v e r y  h i g h  speed r a t i o  s t r i k i n g  the  

veh i c 1 e .  

Only molecules f rom the  apera tu re  o f  t h e  c e l l  w i t h i n  

I f  we t r e a t  t he  l i m i t i n g  case o f  d i r e c t e d  f l o w ,  i.e. c o l l i m a t e d  - 
f low,  S=-, shown i n  F i g u r e  3 ,  o n l y  t h e  approaching f l o w  w i t h i n  t h e  

envelope Ax can reach t h e  c r y s t a l  i f  t h e  w a l l s  a r e  considered t o  be 

condensing. Evapora t i on  f rom the  c r y s t a l  and f rom t h e  w a l l s  

con t inues  t o  be d i f f u s e  r e s u l t i n g  i n  t h e  exp ress ion  f o r  c o l l i m a t e d  

mass f l o w  t o  a c o l d  w a l l  QCM o f ,  

Since e v a p o r a t i o n  i s  by n a t u r e  d i f f u s e  i t  i s  independent o f  t he  n a t u r e  

o f  t h e  e n t e r i n g  f low.  

case o f  evapora t i on  on ly .  

Thus e q u a t i o n  (6) con t inues  t o  a p p l y  f o r  t h e  

2.4 Measurement i m p l i c a t i o n s  o f  Combined Flows 

From t h e  above equa t ions  i t  i s  e v i d e n t  t h a t  i f  an accu ra te  

d e t e r m i n a t i o n  o f  mass f l u x  a r r i v i n g  a t  a QCM i s  t o  be deduced f rom 

c r y s t a l  f requency s h i f t  i n f o r m a t i o n ,  t he  c r y s t a l  temperature and t o  

a c e r t a i n  e x t e n t  t h e  vapor p ressu re  c h a r a c t e r i s t i c s  o f  t h e  depos i ted  

m a t e r i a l  need t o  be known. An i l l u s t r a t i o n  o f  QCM response t o  
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c r y s t a l  temperature change i s  shown i n  F igure 4(a).  

f o r  a c o l d  w a l l  QCM w i t h  constant en te r ing  mass f l u x ,  %, and changing 

evaporat ive mass f l u x ,  &e, as a func t i on  o f  c r y s t a l  temperature. 

the low c r y s t a l  temperature, @ , ie i s  low, (Ao - I%,) equals 

approximately io and the f l ow  equations may be simp1 i f i e d  accord ing ly .  

As the c r y s t a l  temperature i s  increased t o  @ , (io - ge) decreases 

pf i s  zero. I f  
A t  and thus decreases u n t i l  a t  @) &e equals io and 

the c r y s t a l  temperature i s  increased beyond t h i s  p o i n t ,  the  evaporat ive 

f l u x  exceeds the en te r ing  f l u x  and a negat ive i s  ind icated.  

A case i s  shown 

For 

A t  

A t  
The s i t u a t i o n  i s  f u r t h e r  i l l u s t r a t e d  i n  F igure 4(b) where io i s  

s t i l l  assumed t o  be constant and the c r y s t a l  temperature i s  he ld  

constant f o r  some t ime i n t e r v a l .  The i n i t i a l  low c r y s t a l  temperature, 

0 , r e s u l t s  i n  low evaporat ion and rap id  condensate bu i ldup w i t h  

reduced growth r a t e  f o r  temperature @ and no growth du r ing  the 

t ime the c r y s t a l  i s  a t  temperature @ . 
reduces the  condensate u n t i l  a l l  mater ia l  i s  removed a t  which p o i n t  

o f  course the frequency change r a t e  re tu rns  t o  zero. Without know- 

ledge o f  e i t h e r  t h i s  e n t i r e  cyc le  o r  the c r y s t a l  temperature, i t  

would be d i f f i c u l t  i n  t h i s  case t o  d i s t i n g u i s h  between an abso lu te l y  

c lean QCM w i t h  I&, equal zero and a s i t u a t i o n  w i t h  a t h i c k  condensate 

and la rge  en te r ing  and evaporat ing mass f l uxes  o f  equal magnitude. 

Both cases would produce zero frequency s h i f t .  

The temperature @ per iod  

2.5 Vapor Pressure Charac te r i s t i cs  

The importance o f  the  e a r l i e r  statements concerning combined 

f l o w  o f  incoming and evaporat ing f lows on QCMs becomes ev ident  as we 

consider the measurement o f  f lows o f  s p e c i f i c  gases. F igure 5 shows 

the vapor pressure c h a r a c t e r i s t i c s  o f  water vapor, a f a m i l y  o f  

po lyd imethy ls i  loxanes and DC 704 s i  1 icone o i  1 vapor. 

a major outgassing component i n  most vacuum systems and as such may 

be the pr imary cons t i t uen t  o f  the system background pressure. 

i t  i s  des i rab le  t o  measure the water vapor f l u x  i n  a chamber a t  

Water vapor i s  

I f  
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10-7 t o r r  f o r  instance, the graph ind ica tes  QCM temperatures below 

150°K must be used. A t  c r y s t a l  temperatures above t h i s  l e v e l ,  

evaporat ion would s imply prevent the condensate format ion on the 

c r y s t a l .  Th is ,  o f  course, can be a d e f i n i t e  advantage i n  s i t u a t i o n s  

where outgassing ra tes  o f  ma te r ia l s  such as var ious RTVs a re  t o  be 

measured w i thout  the compl ica t ion  o f  water vapor condensation. From 

the graph i t  i s  obvious tha t  a c r y s t a l  temperature o f  f o r  instance 

-50°C, would c o l l e c t  the h igher  moleculer weight po lyd imethy ls i loxanes 

w i t h  low reevaporat ion ra tes ,  whereas water vapor i n  the system would 

be a t  vapor pressures above lom2 t o r r  and would not  be sensed by the 

QCM. The observat ion may be made t h a t  indeed a t  t h i s  temperature 

the QCM would not  respond t o  any but  a major ambient a i r  leak i n  the 

immediate v i c i n i t y  o f  the QCM. 

i s  c o l l e c t e d  by the QCM r e a d i l y  a t  tempera tures  near ambient.  

Measurement o f  the f l o w  o f  o ther  atmospheric gases such as n i t rogen,  

oxygen and argon by the QCM requ i re  c r y s t a l  temperatures below 200K 

t o  achieve acceptably low reevaporat ion ra tes  w h i l e  hydrogen's vapor 

pressure i s  s t i l l  i n  the 10-7 t o r r  range a t  4.2OK. 

DC 704 o i l  vapor on the other  hand 

Determinat ion of the proper QCM sensing c r y s t a l  temperature 

must consider then bo th  the l e v e l s  of  incoming f l u x  and evaporat ion 

ra tes ,  i f  accurate f l u x  measurements a re  t o  be made. 

2.6 Equations app l i ed  t o  an example QCM 

To i l l u s t r a t e  the  magnitude o f  the e f fec ts  discussed e a r l i e r ,  

consider the Celesco/Berkeley cryogenic QCM sensor shown i n  F igure 6. 

The sensing c r y s t a l  i s  mounted i n  a s t ress - f ree  r i n g  mount which 

a l lows the sensor t o  operate t o  below 20°K. 

i s  sensed by a p la t inum res is tance element located immediately behind 

the c r y s t a l .  The performance accuracy o f  t h i s  sensor has been 

s tud ied  by Glassford3. 

sec t ion  t o  the c r y s t a l  which i s  shown i n  greater  d e t a i l  i n  F igure 7(a).  

The f l ow  equations f o r  t h i s  sensor w i t h  bo th  warm and c o l d  w a l l s  and 

The c r y s t a l  temperature 

O f  i n t e r e s t  t o  t h i s  d iscuss ion i s  the  entrance 
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d i f f u s e  and d i r e c t e d  f lows,  a r e  shown i n  t h i s  F i g u r e  i n  comparison t o  

an i d e a l  exposed 10 MHz c r y s t a l .  The ent rance s e c t i o n  which 

i n t u i t i v e l y  would seem t o  expose t h e  c r y s t a l  q u i t e  openly ,  i s  seen 

i n  f a c t  t o  a l t e r  the mass s e n s i t i v i t y  by 21% i n  the case o f  warm w a l l s  

and by 25% f o r  c o l d  w a l l s  which do e x i s t  on t h i s  sensor. 

t h e  ent rance s e c t i o n  as shown i n  F igure  7(b) s i g n i f i c a n t l y  increases 

the  f l o w  conductance, as i n d i c a t e d  by the  reduced va lues i n  the  

equat ions.  The impor tant  p o i n t  here i s  n o t  the r e l a t i v e  m e r i t s  o f  

M o d i f y i n g  

one ent rance s e c t i o n  over another ,  b u t  s 

ance must be c o r r e c t l y  known and used i n  

than an assumed exposed c r y s t a l  s e n s i t i v  

measurements a r e  t o  be made w i t h  the  QCM 

mply t h a t  the f l o w  conduct- 

the. f l o w  equat ion  r a t h e r  

t y  va lue  i f  accura te  f l o w  
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